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Abstract
1. Interactions among herbivores mediated by plant responses to herbivore injury may have large
impacts on herbivore population densities. Responses may persist for weeks after injury and may
affect not only the initial (inducing) herbivore, but also herbivores that are spatially or
temporally separated from the initial attacker.

2. In many plant-insect interactions, multiple life stages of the insect may be associated with the
same plant, and these various stages may interact indirectly with one another via induced
responses. The rice water weevil (RWW), Lissorhoptrus oryzophilus, a serious global pest of
rice, is one such insect. A series of experiments were performed with root-feeding larvae and
leaf-feeding adults of the RWW using three conventional rice varieties.

3. The first objective of this study was to test whether RWW adult feeding on rice leaves resulted
in altered oviposition by subsequent adults. The hypothesis for the first objective was that RWW
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adult feeding would decrease plant suitability resulting in reduced oviposition by subsequent
adults.

4. The second objective was to test whether injury by RWW larvae to rice roots resulted in
altered oviposition by subsequent adults. The hypothesis for the second objective was that
belowground RWW larval feeding would decrease plant suitability of rice to aboveground RWW
adults resulting in decreased oviposition.

5. Results provided inconsistent support for the first hypothesis indicating that responses differed
amongst combinations of variety and injury level. Conversely, consistent support for the second
hypothesis was found indicating that larval feeding on roots decreased suitability of rice plants
for oviposition.

Keywords: Lissorhoptrus oryzophilus, Host plant resistance, Induced resistance, Ecology, Insect
communities

This article is protected by copyright. All rights reserved.

Introduction
Plants often respond to attack by herbivores by expressing or producing resistance-related
traits at higher levels. These responses can occur rapidly within the host plant. In maize, for
example, green leaf volatiles were released from leaves immediately after injury by Spodoptera
exigua, and sesquiterpenoids were released within four hours of injury (Turlings et al. 1998).
Similarly, responses in rice can be very rapid; Hu et al. (2018) observed changes in expression of
several genes involved in the initiation of rice defenses within 15 to 30 minutes of injury by
Chilo suppressalis. Moreover, plant responses can persist for a period of time after the inducing
injury and can extend spatially well beyond the injured tissue. In white clover, Trifolium repens,
reductions in leaf palatability (measured by leaf consumption) induced by Mamestra brassicae
feeding persisted at least 28 days after initial injury, and reductions in palatability were observed
in uninjured portions of injured plants (Gomez et al. 2010). This latter study also noted a time lag
between localized and systemic responses in T. repens. Local responses were rapid, but systemic
responses to wounding did not develop until three days after injury. Thus, plant responses near
the site of injury may be evident almost immediately but responses in other portions of the plant
may develop more slowly (Toyota et al. 2018).
The spatial and temporal dynamics of plant responses to herbivore attack make a wide
range of plant-mediated interactions among herbivores on a shared host plant possible.
Extremely rapid responses may affect the initial (inducing) attacker as well as other herbivores
feeding on the plant contemporaneously. Inbar et al. (1999) reported that whiteflies, B.
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argentifolii, negatively affected leaf miners, Liriomyza trifolii, when the two herbivores fed
simultaneously on the same tomato (Solanum lycopersicon) plant. The two herbivores interacted
directly via exploitation interactions and indirectly via plant-mediated mechanisms. The plantmediated interactions were likely due to the induction of pathogenesis related proteins by
Bemisia argentifolii (Inbar et al. 1999). Plant-mediated interactions may also occur between
temporally separated herbivores on a shared host plant. Neonates of lepidopteran species
frequently contend with plant responses induced by the feeding of earlier cohorts of their own
species. This was shown to be true for the fall armyworm, Spodoptera frugiperda, on cowpea
seedlings (Carroll et al. 2008). First instars were allowed to feed on seedlings and egg masses
were placed on the injured plants one and four hours subsequent to this initial injury. Responses
induced by initial feeding of larvae negatively affected armyworm neonates that fed
subsequently on the plant. Neonates dispersing from eggs placed on previously injured plants
preferred plants that had been damaged four hours previously to plants that had been damaged
only one hour before placement of eggs (Carroll et al. 2008).
Extremely rapid induction of defenses may serve as a negative feedback mechanism to deter
or reduce the fitness of the attacking herbivore and thereby limit the size of a population of an
herbivore on a plant. A demonstration of this was recently made by Perkins et al. (2013). By
carefully monitoring insect movement and spatial patterns of plant chemical responses in
Arabidopsis thaliana, these authors found that larvae of the generalist moth Helicoverpa
armigera adjusted their short-term behavior on plants by moving away from induced parts of
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plants and toward uninduced parts of plants. However, herbivore injury does not always result in
induced resistance, and there are many examples of herbivore attack resulting in attraction of, or
increased oviposition by, conspecific insects (Dicke & van Loon 2000). Feeding by larvae of the
autumnal moth, Epirrita autumnata Borkh, for example, induces rapid responses in mountain
birch, Betula pubescens ssp. czerepanovii (Orlova H¨amet-Ahti), that make the injured birch
more susceptible to conspecific larvae (Lempa et al. 2004). The diverse array of induced
responses reported across families of plants and the insects with which they interact necessitates
the investigation of plant-mediated interactions across a diverse array of systems.
A special case of plant-mediated interactions among herbivores involves interactions of
root-feeding herbivores with herbivores that feed on above-ground portions of plants. There are
dozens of examples in the literature (Erb et al. 2008). Belowground herbivory causes
physiological changes in aboveground portions of plants, for example via production of toxins,
which may directly affect aboveground herbivores, or production of volatiles, which may attract
natural enemies and thereby indirectly affect aboveground herbivores (Bezemer & Van Dam
2005). For example, root-feeding larvae of the cabbage root fly, Delia radicum, induced
resistance in Brassica nigra L. to foliage-feeding larvae of the large cabbage white, Pieris
brassicae. The developmental time of the caterpillar was slowed, increasing exposure time to
predators. The effect on the caterpillar was likely due to higher glucosinolate levels in the
induced plant (Soler et al. 2005). Similarly, feeding by western corn rootworm, Diabrotica
virgifera virgifera, on the roots of maize, Zea mays, increased the expression of defense-related
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genes in maize leaves. One of the compounds induced by rootworm feeding, 2,4-dihydroxy-7methoxy-1,4-benzoxazin-3-one (DIMBOA), acted as a feeding deterrent to leaf-feeding larvae of
Spodoptera littoralis (Erb et al. 2009).
Fewer studies have investigated herbivores that feed on both roots and aboveground
portions of the same plant at different life stages and have come to differing conclusions (Soler et
al. 2013). One such study using the tree species Triadica sebifera showed that root feeding by
larvae of Bikasha collaris increased feeding by conspecific adults on aboveground portions of
plants, but decreased feeding by heterospecific adults of several lepidopteran, coleopteran, and
heteropteran species (Huang et al. 2014). Aboveground herbivory by the red milkweed beetle
(Tetraopes tetraophthalmus) on milkweed (Asclepias syriaca) was found to facilitate above and
belowground feeding by conspecifics. Initial aboveground herbivory by adults increased larval
success and attracted conspecific adults, but the same induction reduced herbivory by another
species (Erwin et al. 2014). Conversely, adults of the root‐feeding vine weevil, Otiorhynchus
sulcatus, were shown to reduce biomass of conspecific larvae feeding on the same plants (Clark
et al. 2011). Therefore induced responses can be highly variable across plant species, and there is
further need to investigate indirect effects of belowground herbivores on their aboveground
counterparts when multiple stages of an herbivore share the same host plant.
The interaction between rice, Oryza sativa, and the rice water weevil (RWW),
Lissorhoptrus oryzophilus Kuschel, an important global pest of rice, provides an appropriate
system to investigate plant-mediated interactions among aboveground and belowground stages of
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the same insect. Adults of this species feed on young rice leaves, resulting in longitudinal scars
that do not significantly affect yields at harvest (Lupi et al. 2009). Feeding by adults occurs on
both flooded and unflooded plants, and typically begins early in the growing season. Flooding
acts as a trigger for egg-laying by females, and eggs are deposited in tissues within the leaf
sheaths of flooded plants. Larvae eclosing from eggs may mine the shoot for a short period of
time but quickly move down to the roots, where they feed externally on roots of flooded rice
plants and pass through four larval instars and a pupal stage in approximately 30 days (Zou et al.
2004). The ecology and population dynamics of this herbivore are such that different cohorts of
weevils may infest a single rice plant for several weeks after flooding, and thus both larval and
adult stages often feed on the same plant at the same time. Therefore, the larval and adult stages
of this insect may interact via changes induced in their shared host plant.
The objective of this study was to investigate whether feeding by RWW on rice plants,
either by adults on leaves or by larvae on roots, altered plant suitability for subsequent infestation
by RWW. The procedure used to assess plant suitability primarily measured oviposition by
females under choice conditions, with densities of first instar larvae used as a proxy for
oviposition. The first hypothesis was that feeding by adults on leaf blades would reduce
oviposition by adult females subsequently exposed to the plants. The second hypothesis was that
larval feeding on plant roots would reduce oviposition by adult females subsequently exposed to
the plants. There are several potential mechanisms that could explain reductions in plant
suitability for subsequent oviposition. One potential mechanism involves plant biochemical
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responses to adult or larval feeding. An effect of adult feeding on subsequent oviposition by
adult females would require only a local, relatively short-lived response; although a systemic
response would also explain reductions in suitability for oviposition. An effect of larval feeding
on adult oviposition, on the other hand, would require an aboveground-belowground interaction
between two life stages of the species. Alternatively, RWW adults exposed to plants injured by
either adults or larvae may utilize non-defense related plant cues to avoid ovipositing on infested
plants and thereby avoid competition. The experimental design utilized here does not allow for
the underlying mechanism to be distinguished.

Materials and Methods
Effects of Adult Feeding on Rice Resistance to Oviposition
Two experiments were conducted, one in 2017 and one in 2018, to test the hypothesis
that feeding by adult RWW on leaves of young rice plants increases the resistance of plants to
oviposition by subsequent female RWW. Experiments were performed with two commercial
varieties, ‘Jefferson’ and ‘Jupiter’, in 2017 and three varieties, ‘Jefferson’, ‘Jupiter’, and
‘Cheniere’, in 2018. ‘Jefferson’ and ‘Cheniere’ are long grain varieties, whilst ‘Jupiter’ is a
medium grain variety. Previous studies have shown ‘Jefferson’ to have low levels of resistance
to RWW, with egg densities typically 30% lower than other commercial varieties. While the
level of resistance in ‘Jefferson’ is greater than that in other varieties, resistance in this variety is
not sufficient to eliminate the need for other management tactics (Saad et al. 2018). Conversely,
the variety ‘Jupiter’ was shown to support higher densities of RWW than most other commercial
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varieties under field conditions (Saad et al. 2018). The variety ‘Cheniere’ was chosen as it
consistently showed an intermediate level of susceptibility when compared to ‘Jefferson’ and
‘Jupiter’ (Saad et al. 2018). The use of varieties with differing levels of resistance to RWW was
intended to increase the scope of potential inferences that could be made. All experiments were
carried out under greenhouse conditions. Plants for these experiments were grown in 1.9 L
plastic pots (15.25 cm diameter) in a commercial soil mix (ShowScape TopSoil, Phillips Bark,
Brookhaven, MS). Pots were thinned to two plants per pot after three weeks of growth and
fertilized with 0.5g Osmocote® (14-14-14 NPK, Marysville, OH). Plants possessed four leaves
when used for experiments.
The procedure for establishing groups of plants with different levels of adult injury (leaf
scarring) involved confining adult male weevils to rice seedlings under unflooded conditions and
allowing adults to feed on leaves for 48 hours. Males were used because they will feed on rice
leaves without the potential of oviposition. Adult RWW were collected from field plots at the H.
Rouse Caffey Rice Research Station and maintained in large plastic containers with rice leaves
and water. Males were culled from dishes by separating mating pairs in copula. Males were
confined to plants using cylindrical plastic tubes (8.5 cm in diameter by 23 cm in height) with
one end forced into the soil and the other end covered with a mesh lid. Cylinders had two meshcovered holes for air circulation. Both plants growing in the pot were enclosed in the cage. Males
were placed in cylinders at densities of zero, two, and six insects per cage, resulting in six
treatments (variety by injury combinations) in 2017 (Jupiter0, Jupiter2, Jupiter6, Jefferson0,
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Jefferson2, Jefferson6) and nine treatments in 2018 (Jupiter0, Jupiter2, Jupiter6, Jefferson0,
Jefferson2, Jefferson6, Cheniere0, Cheniere2, Cheniere6). Cylinders were removed after two
days of adult feeding and adults were destroyed. The total number of feeding scars found on the
two plants in each pot was counted after removal of insects to ensure that treatments had resulted
in different levels of injury.
The procedure for comparing the resistance of adult-injured and control plants has been
described elsewhere (Stout et al. 2002). Pots with rice seedlings were placed into infestation
cages. Infestation cages were constructed of cylindrical frames made of chicken wire (46 cm in
diameter and 61 cm in height) covered with fine mesh screening. Infestation cages with plants
were situated in basins lined with heavy plastic pond liner to retain floodwater. One pot of each
treatment (variety by injury level) was placed in each of eight cages. Once cages were flooded
(two days after initial infestation with adult males) they were infested with adult RWW
(approximately equal numbers of males and females) at a density of three weevils per plant
(three RWW * two plants * six pots = 36 RWW per infestation cage in 2017, and three RWW *
two plants * nine pots = 64 weevils per infestation cage in 2018). RWW densities were chosen
based on previous experimental research under greenhouse conditions with RWW. These levels
of infestation are also representative of infestations observed in rice fields (M.J.S., personal
observations). Basins were flooded so that the lower five cm of each plant was submerged.
Adults were allowed to feed, mate, and oviposit for five days, during which time insects had free
access to plants of different varieties and adult injury levels. In the experiment in 2017 six blocks
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(infestation cages) with one replicate of each treatment in each cage were used (six pots per
cage). In the experiment in 2018, eight blocks (infestation cages) with one replicate of each
treatment were used (nine pots per cage).
At the end of the five-day infestation period, pots were removed from cages and
remaining adult insects destroyed. Plants were then gently removed from soil and soil was rinsed
from roots. Plants, including roots, were inserted into test tubes filled with water, arranged on
test tube racks, and maintained in an insect rearing room for the remainder of the experiment.
Rearing room conditions were 16:8 L:D, 28.3°C, and 70% relative humidity. Weevils infesting
plants treated in this way eclose from eggs and, after feeding within shoots for a short time,
move down to the roots. Emergence of first instars from eggs was monitored daily. This was
done by vigorously shaking the plant in the test tubes and emptying the water, along with any
emerged larvae, into a petri dish, where larvae were counted. Counting continued daily for ten
days or until larvae had not emerged from plants on two consecutive days. Differences in
numbers of larvae emerging from plants of different treatments probably resulted primarily from
differences in numbers of eggs oviposited in leaf sheaths of plants (Stout and Riggio 2003),
although it is possible that differences in first instar counts among treatments might also have
resulted from differential mortalities of first instars as they mined leaves or stems before moving
to roots.
Effects of Larval Feeding on Resistance to Oviposition
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Three experiments were conducted, one in 2016 and two in 2018, to test the hypothesis
that feeding by larvae of RWW on roots of young rice plants under flooded conditions increases
the resistance of plants to subsequent oviposition by female RWW adults. Plants were grown
under conditions similar to those described earlier with two exceptions. First, plants were grown
in soil taken from fields at the H. Rouse Caffey Rice Research Station and soil was sterilized in
an autoclave but not fertilized before planting. Second, only a single variety, ‘Cheniere’ was
used. This variety was chosen as it has shown intermediate levels of resistance compared
‘Jefferson’ and ‘Jupiter’ (Saad et al. 2018), and the labor-intensive process of larval infestation
necessitated a reduction in the size of these experiments. After three weeks of growth, rice
seedlings at the four leaf stage were thinned to one per pot and each plant was infested with 15
rice water weevil larvae, a combination of ten early instars and five late instars. Larvae were
collected from infested rice plants by removing entire plants from infested fields and agitating
their roots in water-filled buckets. As larvae were dislodged from roots they floated to the
surface and were collected into 30 ml diet cups. Larvae were transferred to roots of potted plants
in the greenhouse by saturating soil in pots and making a small indentation with a finger near the
base of plants. Diet cups containing larvae were then rinsed with a gentle stream of water until
larvae were carried onto the surface of the soil near the indentation. Larvae generally burrowed
into soil within minutes of transferal. Pots were flooded and larvae were allowed to feed on roots
for one week. In 2016 eight blocks and three replicates of each treatment (Control and Weevil)
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within each block were used. In the two experiments in 2018 nine and seven blocks, with two
replicates of each treatment (Control and Weevil) within each block, were used in the analyses.
After the week-long period of larval infestation, two control (uninfested) and two larvaeinfested pots were placed into each of six to eight, depending on experiment, infestation cages
(previously described). Cages were situated in basins lined with black plastic pond liner and
were flooded such that the lower five cm of each plant was submerged. Adult RWW of mixed
sex were added to cages at a density of three adults per plant (12 total weevils per cage). Adults
were allowed to feed, mate, and oviposit four days in 2016 and five days in 2018. The four to
five day infestation period is sufficient time for females to lay eggs but not for eggs to eclose.
Pots were then removed from cages and any adult insects found were destroyed. Plants were
removed from individual pots and soil rinsed from roots into mesh-screened buckets to remove
remaining larvae from the initial infestation from roots. The numbers of RWW larvae recovered
in buckets from the initial larval infestation were recorded. Plants were then placed into test
tubes for counts of emergence of first instars as previously described.
In addition, in all three experiments, separate groups of two or five plants of each
treatment were removed from pots at the end of the initial larval infestation period, cleaned,
placed into paper bags, dried in an oven to constant moisture, separated into belowground (roots)
and above ground (shoots) portions, and weighed. These plants were used to assess the effects of
the initial larval infestation on plant biomass.
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Statistical Analysis
All analyses were performed in SAS version 9.4 (SAS Institute). Means, standard
deviations, and standard errors were determined in PROC MEANS. Generalized linear mixed
models in PROC GLIMMIX were used to analyze all count and continuous data as described
below. The Poisson distribution and log link were used for all count data (insect densities). The
Gaussian distribution and identity link were used for all continuous data (biomass). Residuals of
all continuous data were tested for normality with PROC UNIVARIATE and the Shapiro-Wilk
test (P<0.05). Means were compared using Tukey’s HSD (P < 0.05) for all datasets. Results
including ± represent the standard error.
In the two experiments investigating the hypothesis that adult feeding results in reduced
oviposition by subsequent adults, a randomized complete block design was employed. Cages
where little or no oviposition occurred were excluded from analysis (the threshold for excluding
cages was four or fewer larvae recovered in total from all plants in the infestation cage) from
analysis resulting in five blocks in 2017 (one block removed) and eight blocks in 2018 (no
blocks removed). Treatment effects were analyzed with block as a random effect and variety,
level of adult infestation, and their interaction as fixed effects. Simple linear regressions (SLR)
using PROC REG were performed to explore the nature of relationships between levels of
scarring in each variety and the subsequent densities of RWW immatures.
For experiments testing the hypothesis that larval feeding induces resistance to adult
RWW, a randomized complete block design was also employed. Cages where little or no

This article is protected by copyright. All rights reserved.

oviposition was noted were excluded from analysis (as described above) resulting in eight blocks
for the 2016 experiment (no blocks removed) and seven (two blocks removed) and six blocks
(one block removed) for the two experiments in 2018. For these experiments, treatment effects
were analyzed with block as a random effect and weevil infestation as a fixed effect. Biomass
data of roots and shoots were collected from plants that were not included in the secondary
infestation; biomass data were analyzed with weevil infestation as a fixed effect. Root biomass
from 2016 was log transformed to meet requirements of normality.

Results
Effects of Adult Feeding on Rice Resistance to Oviposition
In the 2017 experiment, initial infestation with adult male weevils under unflooded
conditions had the intended effect of establishing groups of plants with different levels of leaf
scarring. No scars were observed on plants not exposed to adult males. For plants exposed to two
adult males per pot, an average of 14.0 ± 2.8 scars were found per two plants, while the plants
exposed to six adult males per pot showed an average of 45.4 ± 4.4 scars per two plants.
Analysis of first instar counts using a residual pseudo-likelihood estimation technique
revealed a significant interaction between adult infestation level and variety (F2,20=12.02;
P<0.001). Numbers of first instars emerging from ‘Jefferson’ plants previously subjected to adult
feeding at both infestation levels were lower than numbers of first instars emerging from
uninjured ‘Jefferson’ plants, but there was no effect of adult feeding on first instar emergence
from ‘Jupiter’ plants. Overall, numbers of first instars emerging from the variety ‘Jupiter’ were
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24% higher than numbers of first instars emerging from ‘Jefferson’ a fact reflected by a
significant main effect of variety (F1,20=8.34; P=0.009). The main effect of adult infestation level
was not significant (F2,20=2.01; P=0.16) (Figure 1). Regression analyses investigating the
relationship between numbers of feeding scars resulting from initial infestation and numbers of
RWW first instars recovered from test tubes showed no significant relationship for either
‘Jefferson’ (F1,13= 1.20; P=0.29) or ‘Jupiter’ (F1,13=1.51; P=0.24) (data not shown).
In the 2018 experiment testing for resistance induced by adult feeding, initial infestation
with male adult weevils under unflooded conditions again had the intended effect of establishing
groups of plants with different levels of levels of leaf-scarring. No scars were observed on plants
not exposed to adult males. For the plants exposed to two adult males per pot, an average of 15.2
± 1.0 scars were found per two plants, while the plants exposed to six adult males per pot showed
an average of 48.0 ± 3.0 scars per two plants.
Analysis of numbers of first instars emerging from plants following infestation with
females showed that the interaction of variety and adult infestation level, as well as the main
effects of variety and adult infestation level, influenced numbers of first instars (Interaction:
F4,56=28.88; P<0.001; Variety: F2,56=63.99; P<0.001; Infestation level F2,56=34.47; P<0.001)
(Figure 2). In ‘Jupiter,’ there was a consistent decrease in numbers of first instars emerging from
plants as the level of prior infestation with adults increased. ‘Cheniere’ plants subjected to the
highest level of adult infestation were lower than numbers emerging from previously uninfested
‘Cheniere’ plants and ‘Cheniere’ plants infested with two adults per cage. In contrast, there was
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no significant influence of prior adult feeding on first instar emergence in ‘Jefferson’. Overall
numbers of first instar emerged from ‘Cheniere’ plants (16.1 ± 3.4) were 23% and 49% lower
than numbers emerged from ‘Jefferson’ (21.0 ± 2.8) and ‘Jupiter’ (31.5 ± 3.7), respectively.
Overall, emergence of first instars from plants previously infested with six adults per cage (16.9
± 2.6) were 36% and 38% lower than emergence from the two adult infestation treatment (24.2 ±
3.0) and controls (27.4 ± 4.4), respectively, but results differed among varieties (Figure 2). SLR
was conducted to determine the relationship between the numbers of feeding scars that resulted
from initial infestation by RWW males and the final number of first instars recovered in test
tubes. The SLR relating the numbers of scars to the densities of first instars showed a significant
negative relationship for the variety ‘Jupiter’ (F1,22=6.61; P=0.02) (Figure 3) but not for the other
varieties (Cheniere F1,22=1.73; P=.20; Jefferson F1,22=0.47; P=0.50; data not shown).
Effects of Larval Feeding on Resistance to Oviposition
In all three experiments, the procedure used to infest plants successfully resulted in
establishment of larval RWW on roots of plants. The success of the infestation procedure varied
somewhat among the three experiments, with 38%, 43%, and 23% of the original 15 larvae
establishing on roots in the first, second, and third experiments, respectively (Table 1). Data from
plants subjected to larval infestation indicated that infestation of roots resulted in reductions in
plant biomass (Table 1). In the first experiment (2016) and second experiment (2018-1), both
root and shoot biomass were lower in plants subjected to larval infestation for one week (2016
Root: F1,10=78.96; P<0.001; 2016 Shoot: F1,10=32.90; P<0.001; 2018-1 Root: F1,2=18.82; P=0.05;
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2018-1 Shoot: F1,2=3.14; P=0.22). In the third experiment (2018-2), root and shoot biomass did
not differ significantly between weevil infested and non-weevil infested plants (Root F1,2=0.47;
P=0.56; Shoot F1,2=0.48; P=0.56).
When adult weevils were given free access for oviposition on plants infested or not
infested with weevil larvae, fewer first-instar weevils were found to emerge from previously
infested plants than from controls. In the first experiment (2016), approximately 80% fewer first
instars emerged from previously infested plants than from control plants (F1,39=60.25; P<0.001)
(Figure 4). In the second experiment (2018-1), approximately 56% fewer first instars emerged
from previously infested plants than from control plants (F1,20=57.77; P<.0001) (Figure 4). In the
third experiment (2018-2), no significant difference in larval emergence was observed between
previously infested and non-infested pots (F1,17=1.64; P=0.22) (Figure 4).

Discussion
In the experiments reported here, prior injury to rice leaf blades by RWW adults
inconsistently reduced numbers of first instars emerging from plants after exposure to female
weevil adults and the effects on oviposition were dependent on both the variety and the level of
injury. Conversely, injury to rice roots by RWW larvae reduced numbers of first instars that
emerged from plants after subsequent exposure to adult females in all three experiments, albeit
not significantly in the third. The reduced emergence of first instars in these experiments is better
explained by reduced oviposition on previously injured plants rather than by reduced survival of
first instars on injured plants, because first instars of this species likely only mine leaf sheaths or

This article is protected by copyright. All rights reserved.

stems of rice for a short period of time, if at all, before moving down to the roots. Moreover,
prior studies on varietal and elicitor-induced resistance in rice have shown that resistance is
primarily manifested as reduced oviposition (rather than reduced larval survival) on resistant
plants (Stout et al, 2002, Hamm et al. 2010, Saad et al. 2018).
One potential explanation for reduced oviposition on previously injured plants is that injury
induced biochemical responses in rice plants that made them less vulnerable to oviposition by
female weevils. Induced responses are typically viewed as a means for allowing a plant to
express a resistance phenotype that is appropriate to the environment in which the plant grows
(Karban et al. 1999, Kant et al. 2015). For plant-herbivore interactions in which multiple life
stages of the herbivore are associated with a plant, the presence of the earlier life stage is often a
reliable indicator of future herbivory by later life stages, and thus many plants increase their
investment in resistance-related traits following interaction with the earlier life stage. For
example, plants may respond to deposition of eggs on their leaves by producing volatile
compounds attractive to egg parasitoids or by producing chemical compounds that are toxic or
deterrent to later larval or nymphal stages (Colazza et al. 2004; Perkins et al. 2013; Stout 2014).
In the interaction between rice and the RWW, feeding by adults before flooding should be a
reliable cue for the presence of root-feeding larvae after flooding, because flooding acts as a
trigger for oviposition in this species (Stout et al. 2002). Likewise, the presence of larvae on the
roots should be a reliable indicator of the risk of further infestation by RWW adults, as
populations of adults and larvae typically overlap for six weeks or more after flooding in rice
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fields. Accordingly, we hypothesized that feeding by both adult and larval RWW would induce
greater resistance in rice plants to oviposition by this insect. This hypothesis is supported by an
earlier transcriptome analysis that found that many genes associated with resistance-related
pathways were induced by feeding by RWW adults (Venu et al. 2010) and by prior research
showing that other types of injury to rice leaves, such as feeding by fall armyworm caterpillars
(Spdoptera frugiperda), reduces subsequent oviposition by RWW (Hamm et al. 2010, Cosme et
al. 2016).
Experiments in which levels of injury by adults were manipulated provided only modest
support for our hypothesis. Over two experiments involving multiple varieties and levels of adult
feeding, reductions in oviposition on plants previously subjected to adult feeding were
inconsistent across both variety and experiments: in the 2017 experiment, induction of resistance
was observed in ‘Jefferson’ but not ‘Jupiter’, but in 2018 the effect was observed in ‘Jupiter’ and
‘Cheniere’ but not ‘Jefferson’. Differences in results between the two experiments may have
been partly attributable to the introduction of a third variety, ‘Cheniere’, in the second
experiment that was not present in the first. In addition, potential effects of feeding injury
resulting from the initial infestation with adult males in these experiments may have been
obscured or diluted by effects of adult feeding that occurred during the second (five-day)
infestation period. There were no cases in which emergence of first instars from control plants
were significantly higher from plants that had previously received adult injury. Numbers of first
instars emerging from plants previously subjected to the highest level of adult feeding were
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significantly lower than from control plants in three out of five cases over the two experiments.
The lack in differences between controls and high injury treatment groups in the other two cases
may be explained by adult feeding during the second infestation period.
Results of the experiments in which larval injury was directly manipulated were supportive
of the hypothesis that prior injury results in a reduction in the suitability of plants for oviposition.
In two of three experiments, emergence of first instars from plants that had previously received
root injury by larvae was significantly reduced, by 60 to 80%, compared to emergence from
controls, indicating that females laid far fewer eggs on plants with weevil-injured roots. Potential
induction of systemic resistance by feeding of RWW larvae on rice roots agrees with previous
research carried out in rice showing that aboveground chewing herbivores are capable of
affecting the survival and growth of RWW larvae on roots of rice plants, and vice versa (Tindall
& Stout 2001). Moreover, a large body of literature in other plants shows that belowground
injury can induce strong systemic responses that affect aboveground herbivores (Bezemer et al.
2003; Erb et al. 2008), although root herbivory has also been shown to increase susceptibility to
aboveground herbivores, for example by attracting conspecific adults and increasing subsequent
herbivore density (Pierre et al. 2013).
Further research will be required to confirm the hypothesis that increases in resistance
following injury to rice are a consequence of increased expression of biochemical resistancerelated traits and to elucidate the pathways involved. Induction of resistance by adult feeding
would require only local responses, because feeding by adult rice water weevils occurs on leaf
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blades and oviposition takes place within leaf sheaths. Induction of resistance in aboveground
portions of rice plants by larval feeding, on the other hand, would require systemic responses. In
many plants, a pathway involving jasmonic acid is responsible for both local and systemic
responses to insect feeding (Stam et al. 2014, Kant et al. 2015). In rice, induction of JA and JAIle, as well as upregulation of genes involved in JA biosynthesis, by RWW larvae and adults has
been demonstrated (Venu et al. 2010, Lu et al. 2015, Cosme et al. 2016). However, none of these
studies clearly demonstrated a plant-systemic induction of JA by root-feeding rice water weevil
larvae. Furthermore, treatment of rice plants with exogenous JA resulted in as much as a 66%
reduction in oviposition and an 85% reduction in larval densities in greenhouse experiments
(Hamm et al. 2010). Further work will also be needed to identify the biochemical responses
involved in interactions among different life stages of RWW on rice. Recent work on herbivoreinduced resistance in rice has focused on volatile emission from herbivore-injured plants and by
increased production of amino acid derivatives such as serotonin (Yuan et al. 2008, Lu et al.
2018).
Although reduced deposition of eggs by female RWW in plants that had previously
experienced root or leaf injury is consistent with induction of resistance-related responses in the
plants, other mechanisms may also partly explain the results. For example, in the experiments in
which levels of leaf injury were manipulated, females may have perceived the presence of scars
on the leaf blades, and reduced oviposition on these plants may have been a response on the part
of the females to reduce the level of intraspecific competition experienced by their offspring.
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Furthermore, in the experiments in which larval injury was directly manipulated, reduced
oviposition may have been partly a response to perception by females of declining host quality.
This interpretation is supported by a closer examination of differences among results the three
experiments conducted to investigate resistance induced by larval feeding on roots. Significant
effects of initial larval infestation on root biomass were observed in the first two experiments,
and oviposition by subsequent females was reduced by previous larval infestations in these two
experiments. In the third experiment, in contrast, the establishment of initial larvae on the roots
was not as successful as in the first two experiments, no significant differences in root biomass
between larval-infested and control plants were observed, and no significant differences in
numbers of first instars emerging from control and larval-infested plants were noted. The
association in these experiments of reduced oviposition with large reductions in root biomass
suggests that female weevils may reduce oviposition on larval-infested plants only when they
detect changes in plant quality associated with substantial levels of root injury i.e., the failure of
root injury to induce resistance against subsequent oviposition in the third experiment may have
been a consequence of a failure of the initial infestation to cause a sufficient level of plant stress
(Underwood 2000, Stout 2014).
This study demonstrates that adult and larval rice water weevils may interact indirectly with
one another via changes in the shared host plant, although interactions were neither as
pronounced nor as consistent as anticipated. Research is needed to determine whether these
indirect interactions affect population dynamics in the field, where adult weevils may feed on
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plants for an extended period of time both before and after flooding and where larvae and adults
are often found feeding on the same plant. In addition, research is also needed to characterize the
plant responses or other mechanisms that mediate these indirect interactions.
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Tables
Table 1: Levels of root infestation and root and shoot biomasses resulting from initial infestation
of 15 larvae. Different letters indicate significant differences between control and weevil infested
means with Tukey�s HSD test at ±<.05. Root and shoot biomasses were analyzed separately from
one another, and each experiment was analyzed independently. These values are rounded to the
nearest whole number.
Biomass (mg ± S.E.)
Larvae on roots ± S.E.

Roots

Shoots
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Experiment

Weevil

2016
n=5
2018 – 1
n=2
2018 – 2
n=2

5.7 ± 1.7

Control

Weevil

Control

215 ± 34b

6.4 ± 1.0

2133 ±
417a
315 ± 40a

2506 ±
328a
1019 ± 17

376 ± 363

3.5 ± 0.6

590 ± 99

1576 ±
1438

860 ± 104

1509 ± 930

139 ± 6b

Weevil
571 ± 78b

Figure Legends
Figure 1. Effects of three levels of initial infestation by adult male rice water weevil (RWW)
adults (0, 2, and 6 adults per two plants) on numbers of first instar RWW (larvae ± SE) resulting
from a second infestation with adults. Different letters indicate significant differences in
emergence of first instars between control and previously infested plants as determined by
Tukey�s HSD test at ±<.05.
Figure 2. Effects of three levels of initial infestation by male rice water weevil (RWW) adults (0,
2 and 6 adults per two plants) on numbers of first instar RWW (larvae ± SE) resulting from a
second infestation by adults. Different letters indicate significant differences in emergence of
first instars from control and previously injured plants as determined by Tukey’s HSD test at
±<.05.
Figure 3. Simple linear regression relating numbers of scars per two plants in a pot resulting
from initial infestation with adult rice water weevils (RWW) to the numbers of first instar RWW
(larvae ± SE) recovered from plants in that pot after second infestation with RWW adults.
Results are shown only for rice variety Jupiter. The significant relationship shows a decrease in
emergence of RWW immatures as numbers of scars increased.
Figure 4. Effects of prior feeding by larvae of the rice water weevil (RWW) on numbers of first
instars emerging from plants following subsequent infestation by RWW adults. Significant
differences in mean numbers of first instars (larvae ± SE) emerging from previously infested
(Weevil) and non-infested (Control) plants were observed in the experiment in 2016 and the first
experiment in 2018, but not in the second experiment of 2018. Different letters indicate
significant differences between control and weevil infested means with Tukey’s HSD test at
±<.05.
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1. Prior injury to rice leaves by RWW adults inconsistently reduced numbers of first
instars emerging from plants. These effects on oviposition were dependent on
variety and level of injury.
2. Injury to rice roots by RWW larvae reduced numbers of first instars that emerged
from plants after subsequent exposure to adult females in all three experiments.
3. This study demonstrates that adult and larval RWW may interact indirectly via
changes in the shared host plant, although interactions were neither as pronounced
nor as consistent as anticipated.
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